We present the results of a uniform spectral analysis of Swift/XRT observations of the X-ray binary system 4U 1957+11. This includes 26 observations of the source made between MJD 54282-55890 (2007 July 01 -2011 November 25). All 26 spectra are predominantly thermal, and can be modeled well with emission from an accretion disk around a black hole. Assuming a black hole accretor, our analysis strongly prefers a rapidly rotating hole with near maximal prograde spin. For an accretor mass of 10M ⊙ , orbital inclination of 75
1. INTRODUCTION One of the most fundamental questions in observational astronomy is how rapidly astrophysical black holes spin. In the absence of any direct method of determining the spin, most current approaches rely on studying radiation emitted from the immediate vicinity of the black hole (BH), which is expected to carry the signature of spin. The best candidates for observing such signature radiation are accreting black holes where matter spirals in via an accretion disk onto the BH. At high mass accretion rates (ṁ), the radius of the inner edge of such an accretion disk can be as small as the radius of innermost stable circular orbit (ISCO), which in turn is a function of the hole's spin (see, e.g., Misner et al. 1973) . Thus spin can plausibly be constrained by observations of disk continuum, especially with the advent of high resolution X-ray telescopes and recently developed realistic accretion disk atmosphere models (see, e.g., Li et al. 2005; Davis et al. 2005) . However in order to do so one needs a clear, unobstructed view of the inner accretion disk (which emits primarily in soft X-rays).
The column density (N H ) in the direction of 4U 1957+11 is quite small (1-2×10 21 atoms cm −2 ), providing a clear view of the disk. Furthermore, the high-resolution grating data obtained by Chandra and XMM-Newton, and analyzed by Nowak et al. (2008) , show only absorption lines due to the ISM and no lines intrinsic to the source. The remarkable combination of low column density and absence of narrow spectral features led Nowak et al. (2008) to conclude "4U 1957+11 may be the cleanest disk spectrum with which to study modern disk atmosphere models". 4U 1957+11 has been a relatively bright, persistent X-ray source with soft X-ray (2-12 keV) flux levels between 20-70 milli-Crab since its discovery in 1973 (Giacconi et al. 1974) . Nowak et al. (2008) have analyzed the entire set of Rossi Xdmaitra@umich.edu ray Timing Explorer (RXTE) observations, as well as Chandra and XMM-Newton observations of this source. More recently Nowak et al. (2012) have also presented their analysis of Suzaku data of this source. Their findings suggest that the X-ray spectrum is a pure disk spectrum ∼85% of the time, and there is a non-thermal component in the remaining ∼15% of the time. The predominantly soft spectrum and very low fractional variability (Nowak & Wilms 1999; Wijnands et al. 2002; Nowak et al. 2008 ) are characteristic of 4U 1957+11 being in a canonical soft state. Recent radio non-detection of 4U 1957+11 with an upper limit of of 11.4 µJy/beam using the Jansky Very Large Array (JVLA) at 5-7 GHz by Russell et al. (2011) is also consistent with the prevalent wisdom, a.k.a. the jet-disk paradigm, where jet production is strongly quenched in sources that are in a soft state.
In the absence of any dynamical mass measurement, or that of the distance to the source, analysis of X-ray/optical data from the source at various points of time have suggested that it could either be a neutron star (Yaqoob et al. 1993; Ricci et al. 1995; Robinson et al. 2012) or a black hole (Wijnands et al. 2002; Nowak et al. 2008 Nowak et al. , 2012 . The morphology of the optical light curve of 4U 1957+11 varies with time. However observations densely sampled in time reveals a modulation with 9.33 hour period, which is usually thought to be the orbital period of this system (Thorstensen 1987; Bayless et al. 2011; Mason et al. 2012) . A recent compilation of long-term optical data by Mason et al. (2012, and references therein) have found random variations in the light curve by up to 0.8 magnitude. The models used to describe the optical photometric data do not constrain the orbital inclination strongly (20
. The optical models also weakly prefer a high mass ratio (i.e, 0.025 < M donor /M accretor < 0.3) and therefore a neutron star accretor (Bayless et al. 2011; Mason et al. 2012) .
Recent works critically examining the X-ray spectral and timing properties using Chandra, XMM-Newton, and RXTE (Nowak et al. , 2012 have suggested that the system har-bors a BH accretor, and that it may be the fastest spinning BH known so far. In this work we assume that the accretor is a BH and test the validity of this assumption under a wide range of plausible parameter space.
We present the details of the Swift observations and data analysis in §2. We then discuss spectral modeling in §3, starting with simple, phenomenological accretion disk plus power law models in §3.1 and then moving towards more physically motivated disk models in §3.2. Finally, our conclusions are summarized in §4.
Swift MONITORING CAMPAIGN OF 4U 1957+11
As part of the Swift observatory's (Gehrels et al. 2004 ) Guest Observing program number 7100116, 4U 1957+11 was observed 21 times between MJD 55700-55890 May 19 -2011 . Prior to this monitoring campaign 4U 1957+11 was also observed 5 times with Swift. With an average flux of ∼ 1.5 × 10 −9 erg/s/cm 2 , the source is quite bright in the X-ray telescope's bandpass (XRT, Burrows et al. 2005) . Thereofre these observations were carried out in windowed timing (WT) mode to avoid pileup. The observation logs are presented in Table 1 .
The data extraction and reduction were performed using the HEASOFT software (v6.12) developed and maintained by NASA's High Energy Astrophysics Science Archive Research Center (HEASARC). We followed the extraction steps outlined in Reynolds & Miller (2013) . The raw data were reprocessed using the xrtpipeline command to ensure that the latest instrument calibrations and responses were used. Since data were collected in WT mode, events were extracted from a rectangular region containing the source. Neighboring source-free regions were used to extract background spectra. The xrtexpomap task was used to generate exposure maps which were then applied to the extracted data. While we used the response matrices (RMF) supplied with the latest calibration database, custom ancillary response function (ARF) files for every observation were created using xrtmkarf task.
3. MODELING THE XRT SPECTRA 3.1. Phenomenological accretion disk plus power law models
In the simplest case we model the spectra with the standardly used multi-temperature thermal accretion disk (diskbb in XSPEC; Mitsuda et al. 1984 ) plus a power law component (powerlaw in XSPEC), modified by photoelectric absorption (phabs in XSPEC) due to atoms present in the intervening interstellar medium (ISM). We used the Anders & Grevesse (1989) Yan et al. (1998) ) to compute the photoelectric absorption spectra. The results of this spectral decomposition are shown in Figs. 1-3, and summarized in Table 1 . The fit parameters we obtain are quite similar to the numbers obtained previously by Nowak & Wilms (1999) , Wijnands et al. (2002) , and Nowak et al. (2008) during their analysis of the RXTE data of this source. The spectra are predominantly thermal with a maximum nonthermal-to-thermal flux ratio of ∼24% for the first Swift observation and lower for the remainder of the observations. In fact, for the observation on MJD 55525 which was the last of a batch of pointings between MJD 55516-55525, the disk plus power law decomposition fails to find any nonthermal contribution.
3.2. Thin, thermal, relativistic accretion disk models around a Kerr black hole Analyzing data from Chandra, XMM-Newton, and RXTE, Nowak et al. (2008) noted that the spectra of 4U 1957+11 are "perhaps the simplest, cleanest example of a BHC soft state". We therefore tried a second set of models where we assumed that the observed emission in the Swift bandpass (and given the limited spectral resolution of the CCD chip) was entirely due to a thermal accretion disk. As in the case of the phenomenological model described above, we assumed that the intrinsic spectrum was modified by photoelectric absorption (phabs) along the way. For the accretion disk we used the kerrbb model by Li et al. (2005) which models a thin, steady state, general relativistic accretion disk around a Kerr black hole. While we encourage the reader to refer to the original work for the details of the model, we give a brief summary of the relevant model parameters here to provide a context.
The model normalization was set to 1 because the disk's inclination (i), the black hole's mass (M BH ), and the source distance (d) were frozen during fitting. The flags to switch effects of self-irradiation and limb-darkening were turned on for all the fits. The ratio of the disk power produced by torque at the disk's inner boundary to the disk power arising from accretion (η) was set to 0 which corresponds to a standard Keplerian disk with zero torque at the inner boundary. The above parameters were fixed for all fits.
The black hole's dimensionless spin parameter (a * ) was determined from the fits. Similarly the mass accretion rate of the disk (ṁ), and the spectral hardening factor h d =T col /T e f f were also determined via fitting. Here T col is the color temperature inferred from the spectra and T e f f is the effective temperature. As discussed in greater detail in Shimura & Takahara (1995) , the spectral hardening factor essentially parametrizes the uncertainties in our understanding of the disk atmosphere. Previous works on other sources (e.g., see, Li et al. (2005) , Shafee et al. (2006) , McClintock et al. (2006) ) prefer h d ∼ 1.7 (though also see Reynolds & Miller 2013; Salvesen et al. 2013 , for fits to data where a higher h d is preferred).
We chose multiple {M BH , d, i} triplets spanning a wide range of masses (5, 10, and 15 M ⊙ ), distances (5, 10, 15, and 20 kpc), and inclinations (55
• , 65
• , 75
• , and 85 • ). Thus a total of 48 {M BH , d, i} triplets were explored. Note that lower inclinations are not prefered by optical studies of the source, and the absence of X-ray eclipses put an upper limit on the inclination. Similarly, examining the equivalent width of the Ne IX 13.45Å line created in the ISM, Nowak et al. (2008) and Yao et al. (2008) have estimated a minimum distance of 5 kpc to this source. While fitting any of these triplets, the values of M BH , d, and i were also kept constant. Thus the only free disk parameters in our modeling are a * , h d , andṁ. However, the values of these free parameters are not completely unconstrained: it is extremely unlikely that a * changed appreciably over the ∼year timescale of the observations. Therefore for our joint fits (see details below) the value of a * was tied to be the same across all observations. In other words, the best-fit value of a * was determined from the data, but this value was required to be the same for all observations. As in the case of a * , it is again extremely unlikely that the column density of the intervening material changed over a timescale of years. Therefore the column density of hydrogen (N H in phabs) was also tied to be the same in all observations. Thus the only disk parameters that were free from observation to observation wereṁ and h d .
Fitting
For every {M BH , d, i} triplet we performed a joint fit to all 26 Swift observations. This implies that for every fit there were 54 free parameters whose best-fit values were determined by fitting (one value ofṁ and one value of h d for every observation ⇒ 52 parameters, plus one value each of N H and a * ). After loading each of the 26 spectra in ISIS we rebinned them such that every bin had a signal-to-noise (S/N) ratio of at least 4.5, and used good data in the 0.5-10 keV energy range where calibration of the CCD is best known. After rebinning and energy filtering, a total of 14,876 spectral bins (from all 26 observations) were used for joint spectral fitting. Therefore the number of degrees of freedom (ν) while jointly fitting all the observations for a given {M BH , d, i} triplet is ν=14,822.
Best-fit χ 2 fitting was carried out using the ISIS software package (v1.6.2-18 Houck & Denicola 2000). ISIS not only loads the entire library of models included in the XSPEC (Arnaud 1996) package, but also allows parallelized fitting and distributed computation of single-parameter confidence limits in a cluster environment (see, e.g., Noble et al. 2006; Maitra et al. 2009 , for details). Further speedup is gained by using model caching methods in ISIS so that computationally expensive models are not recomputed unless needed.
We used the galaxy cluster at the University of Michigan to carry out fitting and distributed computation of singleparameter confidence limits. Using the parallelization scheme outlined above, we determined the best-fitting parameter values as well as their confidence intervals. Our confidence intervals correspond to ∆χ 2 = 2.71 for a given parameter (for normal distribution this would imply a single parameter confidence limit of 90%).
Results
Given the plethora of model fits (48 {M BH , d, i} triplets, and 26 spectra for each triplet ⇒ 1248 spectral fits), we include only a sample of fit results in this paper. The complete set of results including (a) best-fit model parameters for every {M BH , d, i} triplet, (b) best-fit spectral models for every observation showing the data, model, and residuals, and (c) time variation ofṁ and h d for every {M BH , d, i} triplet, are available online 1 . Since we assume a standard Keplerian disk with zero torque at the inner boundary, the total disk luminosity for the models is given by L = ǫṁc 2 . Here ǫ is the radiation efficiency of the disk around the accretor and depends on the spin (see, e.g. Figure 4 of Li et al. 2005) . This allows us to calculate the fractional Eddington luminosity from the model fits. Since the kerrbb model takes into account relativistic effects like Doppler beaming, deflection of light under strong gravity (and the resulting "returning radiation"), and gravitational redshift, as well as incorporating additional physics such as limb-darkening and self-irradiation of the disk, this estimation of L/L Edd is significantly better than simply estimating it from the observed flux. Thus, e.g. in Fig. 4 (and also online), we show not only the time-variation of h d andṁ for a sample of {M BH , d, i} triplets, but also the corresponding values of L/L Edd . As discussed in greater detail in §4, the L/L Edd ratio is also helpful in constraining the ranges of the black hole and binary parameters since we expect BH bi- In the bottom-left panel of Figs. 6-8 we show heat maps based on average values of Eddington fraction. As Fig. 4 shows, the variations in L/L Edd from observation to observation is larger than the variations in h d , but still less than a factor of ∼2. On the other hand, the average value itself changes by ∼3 orders of magnitude across the {M BH , d, i} parameter space we have explored. Therefore these heat maps show the general ballpark regime where the L/L Edd values lie for any given {M BH , d, i} triplet. As discussed in §4, this helps in constraining the ranges of the parameter space. While these heat maps show values of L/L Edd estimated by the kerrbb model, Fig. 9 shows the expected range in L/L Edd if the X-ray emission is isotropic. To create these maps we have simply assumed that the X-ray flux from the source was F x =1.5×10 −9 erg s −1 cm −2 (a typical, average value of the flux based on Fig. 3 ). Then for a given {M BH 
In the bottom-right panel of Figs. 6-8 we show the heat maps based on values of N H that we obtain from our fits to the different {M BH , d, i} triplets. These figures show that lower inclinations prefer higher columns. Also there are some hints of decreasing column with increasing distance. The range of N H we obtain is consistent with independent observations made with Chandra and XMM-Newton ).
DISCUSSION AND CONCLUSIONS
We have presented a uniform spectral analysis of all X-ray data of 4U 1957+11 taken by Swift's XRT. From our analysis we note that the heat maps of spectral hardening strongly disfavor 55
• and 65
• inclinations as the best-fit values of h d are significantly higher than the generally accepted h d ∼1.7. Within the range of {M BH , d, i} explored in this work, h d ∼1.7 is obtained only for 75
• and 85
• inclinations. Additionally we note that this 'acceptable' range of h d moves from low distances for low M BH to high distances for high M BH . While the heat maps of spin are not constraining by themselves, when combined with the spectral hardening maps they strongly favor higher inclination and prograde, maximal spin. Amongst the higher inclination fits, i=75
• is favored statistically over i=85
• (Fig. 5) . The fact that two extreme values of spin (maximal prograde for higher inclination and maximal retrograde for lower inclinations) are prefered most likely points to a degeneracy in the fit-parameters. Retrograde spin moves the ISCO outward, and thus drops the temperature, but that is made up for by the high color-correction factor. Fewer photons (per unit area) are emitted by a disk with an intrinsically lower kT , but the total photon count-rate is compensated by the larger emitting area of a disk with larger inner radius. But in this case, the spectra clearly have high characterisic kT photons because increasing the emitting area alone is not sufficient to obtain good fits; hence the need for a large color-correction factor.
The Swift X-ray spectra of 4U 1957+11 are strongly dominated by thermal photons which indicate that the source is in a soft state. Most other X-ray observations, e.g. as presented in Nowak & Wilms (1999) , Wijnands et al. (2002) , Nowak et al. (2008) , Nowak et al. (2012) also suggest that the source is predominantly in a soft state. Furthermore, low variability in the Fourier power spectra of the source (Wijnands et al. 2002; Nowak et al. 2008 ) and very low upper limits on any radio emission (Russell et al. 2011 ) also point towards a persistent soft state for this source. It is known that the luminosity of Xray binaries in soft state are typically few percent of their Eddington luminosity (Maccarone 2003) . In Figs. 6-8 the soft state L/L Edd range is encompassed by yellow, green, and bluish colors.
While we expect L/L Edd for 4U 1957+11 to be greater than a few percent, it is unlikely that L/L Edd ∼1. This is because luminosities close to Eddington would drive strong winds that are not seen in this system. Based on the heat maps of L/L Edd , smaller distances (∼5 kpc) are not favored because the best-fit luminosities are too low. Also, higher accretor masses would require higher distances for the luminosity to be in the comfort zone for a soft state X-ray binary. Independent observations of the strength of the ISM absorption lines in the direction of 4U 1957+11 Yao et al. 2008 ) also require the distance to be greater than 5 kpc.
Our modeling of the Swift data does not constrain the masses of the binary components, and we have assumed that the accretor is a black hole based on its X-ray spectral and temporal properties (e.g., Wijnands et al. 2002; Nowak et al. 2008 Nowak et al. , 2012 . On the other hand, Bayless et al. (2011) (also see Mason et al. 2012 ) have recently proposed a neutron star accretor for this system based on modeling the optical light curve. A thin, axisymmetric, uneclipsed disk produces a constant flux in their models, and the optical modulation is assumed to be entirely due to X-ray heating of the donor star. Given the lack of eclipses in the optical light curve, their models do not constrain the orbital inclination or mass ratio very strongly. The models weakly prefer a mass ratio in the range of 0.025-0.3. Since neutron stars are less massive than black holes, they therefore suggest a neutron star accretor. However, the true structure of the disk may be more complicated. In cases of Accretion Disk Corona, optical orbital variability is associated with the disk. E.g., the disk-rim is raised where the incoming accretion stream interacts with the disk. Partial optical eclipses may introduce further orbital modulation. Additional observational evidence for the disk's optical variability comes from studies of the long-term correlation between the optical and X-ray light curves by (Russell et al. 2010 ) whose results favor a disk origin (either via viscous or X-ray reprocessing) for the optical light. We note that our low-mass triplets (e.g {5M ⊙ , 10 kpc, 75
• }) approach the constraints derived from the modeling of the optical data by Bayless et al. (2011) .
When constraints from different aspects of our analysis, i.e.
are combined then we conclude the following: (1) Orbital inclination is ∼75
• , and either 65
• or 85
• inclinations are not favored statistically. (2) The black hole spin is prograde and near maximal for the physically acceptable regions of the parameter space. E.g., for the {10M ⊙ , 10 kpc, 75
• } triplet the 90% confidence level lower limit on the value of a * is 0.997. (3) The system is located at a distance of >5 kpc, and possibly farther than 10 kpc if M BH >10M ⊙ .
In essence the Swift observations are consistent with, and strengthen the previous constraints on, the nature of this system obtained not only with X-ray observations (such as constraints on the black hole spin), but also with optical observations (viz., the constraint on orbital inclination). While present computational resources make it prohibitively expensive to explore a finer grid of the parameter space, especially toward getting a better handle on the accretor's mass, the analysis presented here demonstrates the capabilities of long-term monitoring campaigns to provide valuable insights into accretion physics using modest observatories like Swift.
It is a pleasure to thank the Swift team for coordinating the observations. DM would also like to thank Mateusz Ruszkowski for accomodating our many requests to use the galaxy cluster well beyond our allocated time. This research made extensive use of data obtained from the HEASARC data archive, provided by NASA's Goddard Space Flight Center, and NASA's Astrophysics Data System. We thank NASA/Swift for funding this research.
Facility: Swift (XRT) L/L Edd -The typical L/L Edd luminosity range spanned by X-ray binaries in soft state is encompassed by yellow, green, and bluish colors in our color scheme for this figure. Luminosities close to Eddington would drive strong winds that are not seen in this system. Therefore high L/L Edd are unlikely. Smaller distances (∼5 kpc) are not favored by any choices of the mass because the best-fit luminosities are too low. Higher accretor masses would require higher distances for the luminosity to be in the comfort zone for a soft state X-ray binary. N H -Lower inclinations prefer higher columns. The range of N H values is consistent with independent observations made with other instruments. 
